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Bolted	 joints	are	widely	used	 in	a	variety	of	engineering	applications	where	they	are	dynamically	 loaded	with	
frequencies	 of	 vibration	 spread	 over	 a	 wide	 spectrum	 with	 the	 same	 general	 effects.	When	 under	 dynamic	
loading,	 bolted	 joints	 can	 become	 loose	 due	 to	 a	 loss	 in	 clamping	 pressure	 in	 the	 joints.	 This	 vibrational	
loosening	 sometimes	 can	 cause	 serious	 problems,	 and	 in	 some	 cases	 can	 lead	 to	 fatal	 consequences	 if	 it	
remains	 undetected.	 Non-intrusive	 ultrasonic	 and	 image	 processing	 techniques	were	 simultaneously	 used	 to	
investigate	the	relaxation	of	contact	pressure	and	loosening	of	bolted	joints	subjected	to	cyclic	shear	 loading.	
Three	critical	areas:	the	contact	interface	of	the	bolted	component,	the	bolt	length	and	the	rotation	of	the	bolt	
head	were	monitored	during	 loosening	of	 the	 joints.	 The	 results	 show	 that	 loosening	of	 bolted	 joints	 can	be	














and	disassembled,	and	also	re-used	 (especially	 for	maintenance	purposes).	 	However,	 they	sometimes	 fail	 in	
operation	 by	 loosening	 when	 subjected	 to	 dynamic	 loads	 [1,	 2].	 In	 some	 cases,	 these	 failures	 are	 of	 fatal	
consequence,	and	hence,	they	are	safety	critical	 [3-5].	 In	order	to	prevent	 loosening,	various	 techniques	and	
locking	devices	are	used.	Studies	conducted	 to	assess	 the	performance	of	 these	 locking	devices	have	shown	
that	 the	majority	of	 them	do	not	 totally	 lock	 the	 fastener,	but	 tolerate	some	degree	of	 self-loosening	under	
dynamic	shear	loading	[6,	7].	
















torque	 and	 impedance	 based	 techniques	 using	 embedded	 piezo-electric	 elements	 for	 damage	 detection	 in	
structural	health	monitoring	of	bolted	 joints	 [17-19].	One	of	 the	disadvantages	of	 some	of	 these	 techniques	
was	that	they	cannot	be	used	to	gather	information	from	contacting	surfaces.	Except	in	the	ultrasonic	studies	
conducted	by	Marshall	et	al.	and	 through	 the	use	of	 Lamb	waves	by	Yang	and	Change,	measurements	were	
restricted	to	the	threaded	fasteners	in	the	techniques	that	can	be	used	to	collect	data	during	test	setup.	They	
failed	 to	 gather	 information	 from	 the	 clamped	 interface,	 which	 is	 a	 critical	 element	 of	 the	 bolted	 joint.	
Furthermore,	 in	 some	of	 the	 experimental	 studies,	 bolted	 joint	 components	 and	 the	 contact	 interface	were	
modified,	 and	 this	 presents	 issues	 as	 they	may	 not	 now	actually	 represent	 the	 true	 operating	 conditions	 of	
bolted	 joints	 [13,	 20,	 21].	 While	 in	 service,	 bolted	 joints	 are	 subjected	 to	 additional	 shear	 loads	 in	 other	
directions	to	the	cyclic	shear	load	and	such	loads	were	also	previously	ignored.	
Previously,	non-intrusive	ultrasonic	techniques	have	been	used	to	study	contact	pressure	distribution	at	the	
clamped	 interface	of	 unmodified	bolted	 joints	 [22,	 23],	 and	Marshall	 et	 al.	 [15]	 have	proved	 that	 ultrasonic	









Contact	surfaces	 in	bolted	 joints	 like	 in	other	engineering	surfaces	are	not	perfectly	smooth.	They	exhibit	
surface	roughness,	which	is	manifested	in	the	form	of	surface	waviness	and	asperities,	and	this	is	evident	when	
observed	 under	 a	 microscope	 [18].	 	 Therefore,	 when	 two	 rough	 surfaces	 are	 loaded	 together	 they	 mostly	
interact	at	the	junctions	of	the	surface	roughness/asperities,	with	air	gaps	at	the	void	between	the	asperities.		
When	 normal	 ultrasound	 waves	 are	 incident	 at	 a	 joined	 interface,	 the	 waves	 are	 partially	 reflected	 at	 the	
interface	 (Figure	1a).	 	Sound	 is	 transmitted	at	 the	asperity	 junctions,	and	reflected	at	 the	metal-air	 interface	
due	 to	 the	 trapped	 air	 pockets.	 	 How	much	 sound	 is	 transmitted	 depends	 on	 the	wavelength	 of	 the	 sound	
wave	relative	to	the	air	gap.	
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where	u	 is	 the	 separation	of	 the	mean	 lines	of	 roughness	of	 the	 two	 surfaces.	 	 Interfacial	 stiffness	 for	 a	
given	pair	of	contacting	surfaces	varies	from	zero	when	surfaces	are	just	touching	(the	asperities	can	easily	be	
deformed	 and	 separation	 between	 surfaces	 can	 be	 reduced)	 to	 infinity	 when	 surfaces	 are	 completely	
conformal	(deformation	of	asperities	and	reduction	of	separation	between	surfaces	is	no	longer	possible).	The	
stiffness	depends	on	distribution,	size	and	number	of	asperity	 junctions.	Thus,	 its	value	 is	partially	 linear	and	



















drilled	 through	Plate	B	parallel	 to	 the	centre	of	 the	clearance	hole.	This	was	 to	allow	for	 the	 introduction	of	
additional	transverse	side	loads	to	the	dynamic	shear	load	acting	on	the	bolted	joint	during	the	experiments.	
The	 bearing	 friction	 coefficient	 under	 the	 bolt	 head	 was	 approximately	 0.15,	 while	 the	 friction	 coefficient	






thickness	of	0.2	mm	and	were	cut	 to	 form	strips	of	2	mm	×	 1	mm	active	area	 	 in	order	 to	maximise	 spatial	
resolution.	When	excited,	they	emitted	a	gradually	diverging	ultrasonic	sound	wave	approximately	equal	to	the	
dimension	of	the	sensors’	active	area.		A	transducer	of	5	mm	×	1	mm	active	area	was	cut	for	the	bolt	head.	The	
transducers	were	permanently	bonded	directly	 to	 the	back	of	 the	plate	with	 the	threaded	hole	and	the	bolt	
head	using	M-bond	610	(Vishay)	adhesive.			








plate	 B	was	 removed.	 The	 reflection	 coefficient	map	was	 obtained	 by	 dividing	 the	 reflected	 voltage	 of	 the	
loaded	joint	with	the	reference	on	a	point	by	point	basis.	By	doing	this,	the	effect	of	attenuation	on	the	signals	
in	 the	 plate	 is	 removed	 leaving	 only	 the	 reflection	 coefficient,	 which	 represents	 the	 fraction	 of	 ultrasound	
incidence	at	 the	 interface	 that	 is	 reflected	 from	 it.	This	was	used	 to	produce	 the	map	of	 interfacial	 stiffness	
using	 Equation	 2,	 and	 a	 calibration	 experiment	 used	 to	 determine	 contact	 pressure.	 Further	 details	 on	 this	
procedure	and	calibration	experiment	are	provided	in	Stephen	et	al.	[23].	 	As	seen	in	Figure	3a,	the	pressure	




were	 positioned	 at	 the	 same	 radial	 distance	 from	 the	 edge	 of	 the	 bolt	 hole.	 In	 all	 the	 groups,	 transducers	
numbered	1	and	5,	3	and	7,	2	and	6,	and	4	and	8	were	respectively	positioned	at	radial	distances	of	7	mm,	8	
mm,	9	mm	and	10	mm	 from	 the	bolt	 centre.	 The	 transducers	were	evenly	distributed	around	 the	 threaded	
hole	 with	 each	 sensor	 separated,	 circumferentially,	 by	 an	 angle	 of	 22.5
0




















The	 equipment	 used	 to	 generate	 and	 receive	 ultrasonic	 signals	 for	 the	 tests	 consists	 of	 a	 PC	 (FMS100	
System)	fitted	with	an	ultrasonic	pulser-receiver	(UPR),	digitiser	and	multiplexer	cards.		This	was	used	to	pulse	
and	 measure	 ultrasonic	 reflections	 from	 the	 clamped	 interface	 through	 the	 32	 sensor	 array,	 and	 also	 to	
measure	 ultrasonic	 reflection	 from	 the	 end	 of	 the	 bolt	 by	 the	 sensor	 on	 the	 bolt	 head.	 A	 camera	 was	




Under	 the	 image	 processing	 technique,	 acquisition	 and	 processing	 were	 done	 using	 Matlab	 image	
processing	 toolbox	 [24].	 Three	markers	 of	 different	 colours	 (blue,	 red	 and	 green)	 of	 3	mm	 diameters	were	
used.	Two	were	placed	at	the	centre	and	the	edge	of	the	bolt	head,	while	the	remaining	one	was	placed	at	a	
spot	on	the	clamped	plate	(Figure	5).	The	 images	of	the	markers	were	captured	at	a	set	time	interval	by	the	















The	M12	 instrumented	bolt	with	a	clamp	 length	of	10	mm	was	placed	 in	position	and	 torqued	up	 to	 the	
required	 load	using	a	digital	 torque	wrench	with	a	calibrated	accuracy	of	±2%	after	 the	plate	specimens	had	
been	assembled	on	the	test	rig.	Bolt	torques	of	30	Nm,	40	Nm,	50	Nm	and	60	Nm	which	correspond	to	preloads	
of	 9.4	 kN,	 12.5	 kN,	 15.6	 kN	 and	18.6	 kN	 respectively	were	 applied	on	 the	 joints	 [25]. The values of preload 
selected were significantly	 lower	 than	 the	 proof	 load	 (78.8	 Nm),	 and	 in	 keeping	 with	 similar	 studies,	 were	



















pressure	 distribution	 at	 the	 interface	 predominately	 independent	 of	 bolt	 head	 rotational	 position,	 thus	
removing	 a	 potential	 source	 of	 variation	 in	 the	 experimental	 set-up.	 Table	 1	 shows	 tests	 performed	 on	 the	
bolted	joints.		
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1	 30	 6.0	 1	 0	
2	 40	 6.0	 1	 0	
3	 50	 6.0	 1	 0	
4	 60	 6.0	 1	 0	
Cyclic	shear	load	
1	 50	 5.5	 1	 0	
2	 50	 6.0	 1	 0	
3	 50	 6.5	 1	 0	
4	 50	 7.0	 1	 0	
5	 50	 7.5	 1	 0	
6	 50	 8.0	 1	 0	
Constant	shear	load	
1	 50	 6.0	 1	 0	
2	 50	 6.0	 1	 1	
3	 50	 6.0	 1	 2	
4	 50	 6.0	 1	 3	
5	 50	 6.0	 1	 4	
Results			







Stephen ! 28/1/2016 16:05
Formatted: None, Space Before:  0 pt,
Don't keep with next, Don't keep lines
together
Stephen ! 28/1/2016 16:05
Formatted: None, Space Before:  3 pt,
Don't keep with next, Don't keep lines
together
Stephen ! 28/1/2016 16:06
Formatted: None, Space Before:  3 pt,
Don't keep with next, Don't keep lines
together
Stephen ! 28/1/2016 16:18
Deleted: a







The	 figures	show	changes	during	 the	 test,	 characterised	by	oscillation	 in	 the	measurement.	 	As	observed	
and	 explained	 in	 the	 earlier	 studies	 of	 Marshall	 et	 al.	 [15]	 and	 shown	 in	 Figure	 8,	 the	 oscillation	 in	 the	
measurement	of	 the	dynamic	 reflection	 coefficient	 is	 due	 to	 the	 relative	movement	between	 the	ultrasonic	
sensors	 and	 the	 bolt	 head,	 as	 a	 result	 of	 the	 displacement	 cycles	 forced	 upon	 the	 joint.	 Therefore,	 the	
oscillation	 on	 data	 is	 a	 measurement	 effect	 that	 occurs	 at	 a	 frequency	 which	 corresponds	 to	 that	 of	 the	
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Figure	9	 shows	 the	 sampled	 results,	without	 the	oscillation	effect	 in	 the	measurement,	of	 the	measured	
dynamic	reflection	coefficient	at	a	50	Nm	bolt	torque	and	frequency	of	1	Hz	for	the	entire	32	sensor	array	in	
four	groups	of	eight	sensors	as	indicated	in	the	sensor	layout	in	Figure	3.	It	should	be	noted	that	the	data	was	
not	 converted	 to	 contact	 pressure	 as	 the	 reflection	 coefficient	 gives	 a	 measurement	 of	 relative	 contact	
between	 the	 bolted	 plates	 and	 thus,	 a	 clear	 indication	 of	 relative	 loosening	 of	 the	 joint	 during	 the	 cyclic	
loading.		
A	 value	 of	 dynamic	 reflection	 coefficient	 less	 than	 1	 indicates	 that	 the	 bolted	 plates	 are	 in	 contact	 and	
some	 portion	 of	 the	 ultrasonic	 signal	 is	 transmitted	 through	 the	 contact	 interface.	 As	 the	 value	 increases	
towards	 1,	 the	 contact	 pressure	 at	 the	 interface	 of	 the	 plates	 decreases,	 which	 implies	 that	 the	 plates	 are	










rotation	 as	 the	 bolt	 unscrews	 (Figure	 10).	 It	 has	 been	 observed	 that	 the	 pressure	 distribution	 is	 not	
symmetrically	uniform	around	the	centre	hole	at	the	interface	due	to	non-uniform	clamp	from	the	bolt	head,	








(i.e.	 from	 the	 inner	 ring	 to	 the	 outer	 ring)	was	 calculated	 for	 each	 of	 the	 tests	 performed	 to	 eliminate	 the	
effects	 due	 to	 the	 thread	 profile	 and	 other	 plate	 irregularities.	 Figure	 11	 shows	 the	 results	 of	 the	 dynamic	
reflection	coefficient	(RC),	dynamic	reduction	 in	time	of	 flight	 (TOF)	and	the	rotation	of	the	bolt	head	during	
the	 tests.	 It	can	be	seen	 from	the	 figure	 that	as	 the	bolted	 joints	 loosen	 the	value	of	 the	dynamic	 reflection	
coefficient	 increases	rapidly	 from	 its	 initial	value,	 followed	by	a	gradual	 increase	 in	value	to	approximately	1	
during	the	vibration	cycles.	During	this	period,	the	values	of	the	reduction	in	dynamic	time	of	flight	increases	
rapidly	from	their	initial	values	of	zero	to	approximately	uniform	values	as	the	bolted	joints	loosen.	Increase	in	
the	value	 from	zero	 indicates	a	decrease	 in	 the	bolt	 tension	and	 loss	of	preload.	When	 the	dynamic	 time	of	




Table	 2:	 Time	 when	 the	 measured	 dynamic	
reflection	coefficient	cross	
	
Sensors	 Time	 			Sensors	 Time	
D5	&	D1	 25.3	 D7	&	D3	 23.8	
D1	&	C5	 44.0	 D3	&	C7	 -	
C5	&	C1	 48.8	 C7	&	C3	 50.5	
C1	&	B5	 49.0	 C3	&	B7	 46.0	
B5	&	B1	 50.4	 B7	&	B3	 49.0	
B1	&	A5	 51.0	 B3	&	A7	 50.5	











contacts	 were	 made	 in	 the	 highly	 clamped	 contact	 zone	 as	 additional	 load	 is	 being	 applied	 through	 the	
tightening	of	 the	bolt	 [23].	 Similar	 to	observations	 in	other	 studies	 [14,	 15],	 the	 results	 from	 the	monitored	
three	areas	show	that	the	time	for	a	complete	relaxation	of	a	given	joint	to	occur	increases	as	the	applied	bolt	
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of	30,	40,	50	and	60	Nm	respectively.	 	As	would	be	expected,	 this	 indicates	 that	 the	bolt	experienced	more	
tension,	and	thus	stretches	more,	as	the	bolt	torque	increases.	
The	results	of	varied	cyclic	shear	load	(Figure	11	(b)),	shows	that	the	time	at	which	the	bolted	joint	attained	
complete	 relaxation	 decreases	 as	 the	 applied	 cyclic	 shear	 load	 increases.	 The	 average	 dynamic	 reflection	
coefficient	 measurements	 attained	 the	 value	 of	 1	 at	 approximately	 143.7	 seconds,	 72.1	 seconds	 and	 54.6	
seconds	for	the	cyclic	shear	 loads	of	6	kN,	7	kN	and	8	kN	respectively.	 	A	time	value	of	107.2	seconds,	65.22	
seconds	and	41.3	seconds	was	recorded	for	the	dynamic	reduction	 in	dynamic	time	of	flight,	while	a	time	of	
170.0	seconds,	98.0	seconds	and	68.0	seconds	was	recorded	 for	 the	rotation	of	bolt	head	 for	 the	respective	
dynamic	 shear	 loads	 at	 the	 time	 they	 approximately	 attained	 uniform	 values.	 The	 results	 from	 each	






as	 the	 transverse	 load	 increases.	 The	 measured	 dynamic	 reflection	 coefficient	 reaches	 a	 value	 of	 1	 at	
approximately	128.2	seconds,	97.7	seconds,	92.6	seconds,	88.7	seconds	and	78.6	seconds.	The	time	recorded	





In	 the	 results,	 the	value	of	dynamic	 reflection	coefficient	 increases	 from	a	value	of	 less	 than	1	when	 the	
bolted	plates	were	 in	 contact	 to	a	value	of	1	when	 they	were	 separated	 (Figure	12).	During	 this	period,	 the	
reduction	 in	 time	of	 flight	 increases	 from	an	 initial	value	of	 zero	 to	an	almost	uniform	value.	Since	both	 the	
extension	in	the	bolt	and	contact	pressure	have	a	close	relationships	to	joint	load,	the	shapes	of	the	two	graphs	
in	Figure	12	(a)	are	similar,	with	each	showing	identical	phases	of	relaxation	of	the	bolted	joint.		
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As	shown,	 loosening	of	bolted	 joints	exhibits	phase	changes	that	can	be	grouped	 into	 three	stages:	an	 initial	
very	 rapid	 loosening,	 followed	by	 less	 rapid	 loosening	and	 lastly,	a	gradual	 loosening.	The	 loosening	process	
could	be	compared	to	the	illustration	by	Bickford	[26]	of	the	sequence	by	which	shear	joint	fails	in	response	to	









The	 value	 of	 reflection	 coefficient	 and	 reduction	 in	 time	 of	 flight	 increases	 less	 rapidly	 in	 stage	 2.	 The	


























This	 result	 is	 consistent	 with	 Yanyao	 Jiang	 et	 al.	 [27],	 who	 modelled	 the	 early	 stage	 of	 loosening,	 and	
showed	that	the	loss	in	preload	is	caused	by	localized	cyclic	plastic	deformation	(cyclic	strain	ratcheting)	of	the	










In	addition,	 in	contrast	 to	 the	classical	 theory	 that	 loosening	starts	with	 transverse	complete	slip	of	 the	bolt	
head	 surface,	 the	observation	 in	 this	 study	 clearly	 shows	 that	 self-loosening	occurred	prior	 to	 the	bolt	head	
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The	 amplitude	 of	 the	 contact	 pressure	 distribution	 at	 bolted	 interface	 is	 a	 function	 of	 torque	while	 the	
spread	is	independent	of	the	magnitude	of	the	torque.	The	amplitude	of	the	peak	increases	with	an	increase	in	
torque	 (Figure	 15b),	 but	 the	 position	 of	 the	 peak	 and	 the	 spread	 are	 driven	 by	 the	 effect	 of	 the	 stress	
concentration	 factor	 from	 the	 edge	 of	 bolt	 hole	 and	 the	 bolt	 head,	 and	 remain	 unchanged	 even	 as	 torque	
increases	 [23].	 These	are	highlighted	 in	 the	 loosening	data	 (Figure	15a),	where	 the	observed	 linearity	 in	 the	
time	 to	 reach	 a	 50%	 and	 90%	 change	 in	 the	 value	 of	 reflection	 coefficient	 implies	 that	 additional	 load	 is	
supported	by	the	highly	clamped	area	of	the	contact	zone	as	torque	increases.	Whilst	the	relationship	between	
reflection	coefficient	and	contact	pressure	can	be	determined,	how	the	change	in	contact	pressure	relates	to	
change	 in	 total	 load	 depends	 on	 the	 location	 on	 the	 interface.	 Therefore,	 based	 on	 the	 shape	 of	 the	







Figure	16	shows	the	effect	of	cyclic	shear	and	transverse	 loads	on	the	 loosening	of	bolted	 joints	taken	at	
50%	and	90%	reduction	of	the	changes	in	the	measured	value	reflection,	time	of	flight	and	rotation	of	the	bolt	
head.	 Whilst	 as	 discussed	 the	 relationship	 of	 their	 measurements	 to	 total	 load,	 and	 therefore	 absolute	
loosening	 differ,	 they	 show	 the	 same	 overall	 trends.	When	 cyclic	 shear	 load	 overcomes	 the	 friction	 at	 the	
contacts	of	bolted	 joints,	 then	 loosening	will	occur.	Studies	have	shown	the	dependency	of	 loosening	on	the	
amplitude	of	vibration	of	the	applied	load	[13]	[11].	Similarly,	Figure	16	(a)	shows	that	loosening	depends	on	
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additional	 shear	 load	 is	 constantly	 applied	 to	 the	 joint	 in	 another	 direction	 to	 the	 dynamic	 shear	 load,	 the	
results	(Figure	16	(b))	show	that	as	the	magnitude	of	the	constant	shear	load	increases,	the	rate	of	loosening	
also	 increases	 even	when	 the	magnitude	 of	 applied	 cyclic	 shear	 load	 is	 constant.	 In	 addition,	 Figure	 10	 (b)	
shows	 that	 introducing	and	 increasing	 the	 transverse	 shear	 load	has	a	more	pronounced	effect	on	 the	early	
part	of	the	stage	2	than	any	other	stages	of	dynamic	reflection	coefficient	and	change	in	time	of	flight	profiles.	
Once	the	stage	1	is	accomplished	the	side	load	helps	to	free	the	clamped	components	of	frictional	force	at	the	
interfaces	 quickly,	 and	 subsequently,	 the	 bearing	 of	 the	 clamped	 component	 on	 the	 fastener	 introduced	









loading.	The	 following	are	 the	 findings	and	 the	effects	of	 these	 studied	variables	on	 the	 loosening	of	bolted	
joints:		
§ The	 effect	 of	 non-uniform	 clamping	 from	 the	 bolt	 head	 as	 a	 result	 of	 the	 helix	 profile	 of	 the	 bolt	
thread	was	 observed	 to	 produce	 localised	 peak	 contact	 pressures	 at	 the	 bolted	 interface,	 and	 this	
localised	 peak	 contact	 pressure	 moves	 in	 the	 direction	 of	 the	 bolt	 head	 rotation	 when	 the	 bolt	
unscrews	during	loosening.	
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§ The	measured	 reflected	ultrasonic	 signals	 shows	 that	 the	 loosening	of	bolted	 joints	can	be	grouped	
into	three	stages.	The	joints	were	observed	to	undergo	a	rapid	relaxation	in	the	first	stage,	followed	
by	 a	 period	 of	 less	 rapid	 loosening	 in	 the	 second	 stage.	 The	 first	 two	 stages	 accounted	 for	 a	 high	
percentage	of	the	 loss	 in	the	 joint	preload,	while	the	remaining	preload	was	 lost	 in	 last	stage	which	
involves	a	gradual	loosening	of	the	joints.	Furthermore,	the	higher	the	rate	of	relaxation	at	the	early	
stage	 of	 loosening,	 the	 lower	 is	 the	 resistance	 of	 the	 bolted	 joints	 to	 vibrating	 induced	 loosening.		
While	 all	 the	 studied	 variables	 affect	 the	 early	 stage	 of	 loosening,	 the	 transverse	 shear	 load	 has	
pronounced	effect	on	the	early	part	of	the	stage	2	of	the	loosening	process.	
§ The	results	show	that,	when	a	bolted	joint	is	subjected	to	cyclic	shear	loading,	the	early	stage	of	the	







rate	 increases.	 As	 the	 magnitude	 of	 the	 constant	 shear	 load	 increases,	 the	 rate	 of	 loosening	 also	
increases	even	when	the	amplitude	of	applied	cyclic	shear	load	is	constant.			
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